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ABSTRACT
Aerodynamic heating is presented as preliminary design information for the
Apollo command module heat shield.

Various theoretical approaches have been utilized to describe the heating distri-
butions around the vehicle.

Experimental shock-tube test data are presented and corparisons are made
with the theoretical predictions.

It is concluded that the various theories utilized present a valid approach for
preliminary vehicle-design analysis.
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NOMENCLATURE
';
Symbols
dw,, /dz
* C transverse velocity gradient ratio, ———
du, /dx
H enthalpy, Btu-ft/sec?-1b
K geometrical correction factor
M Mach number
P pressure, psf
q heating rate, Btu/fté-sec
r recovery factor
s surface distance, ft
R radius, ft
. R, Reynolds number
\J
T temperature,’R
R
u component of velocity in x direction
w component of velocity in z direction
X, v,z Cartesian coordinates
€ emissivity
A shock stand-off distance, ft
p density, slug/ft3
o Stefan-Boltzmann constant, 0,48x1071% Btu/ft?-sec °R%
a angle of attack, degrees
»
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SubscriRts

axisym

nonaxisym

cw

hw

axisymmetric

nonaxisymmetric

conditions at the edge of boundary layer or local conditions
standard atmospheric conditions
recovery conditions

stagnation conditions or stagnation point
cold wall

hot wall

free-stream conditions

initial shock-tube conditions

isentropic total conditions

wall conditions
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I. INTRODUCTION

e 4

The purpose of this report is to document the results of the aerodynamic heat-
ing studies for the North American Aviation, Inc., Phase I contract for the

N Apollo heat-shield design. The information presented herein describes some
of the work performed to date, sets forth methods, and criteria for design, and
indicates some problem areas which require special attention and additional
study.
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II. SUMMARY

The specified command module is a blunt-body configuration of the Mercury type
with a major diameter of 154 inches. A sketch of the body is presented in figure 1
with dimensions and afterbody shape pertinent to the heating analysis. The body
is trimmed to an angle of attack of 33° by an off-set center of gravity., To deter-
mine the effect of deviations from this attitude, an arbitrarily chosen angle of
attack of 38° has been analyzed for the windward meridian.

The aerodynamic convective heating has been analyzed for the body points des-
cribed in the NAA Procurement specification (reference 1) for the six specified
re-entry trajectories. The trajectories specified to establish design criteria
are determined by the bounds of the flight corridor defined by the deceleration
limits of the crew, thermal and structural limits of the vehicle, and range re-
quirements. The trajectory descriptions and heating comments, based on NAA
data, are as follows:

1. Trajectory 1 is a typical lunar overshoot re-entry and results in the

highest integrated heat load to the vehicle.

2., Trajectory 2 is a maximum-range lunar undershoot re-entry which
results in a high heat flux and heat load.

3. Trajectory 3 is a minimum-range lunar undershoot re-entry which
results in a high heat flux and heat load.

4., Trajectory 4 is a minimum-range, 20-g, special lunar re-entry trajec-
tory which results in the highest heat flux.

5. Trajectory 5 is a 20-g maximum-range orbital re-entry trajectory which
results in the highest orbital heat flux,

6. Trajectory 6 is a long-range oscillatory orbital re-entry trajectory
which results in the highest integrated orbital heat load.

Experimental heating distributions over the body were obtained in the Avco shock
tube, Comparisons between the experimental and theoretical heating distribu-
tions are in good agreement.

The second primary source of heat transfer to the command module is radiative
heating from the flow field. Radiative heat fluxes were predicted on the basis
of radiation from a semi-infinite slab of hot air having a thickness equal to the
shock stand-off distance. The emissivity of the air was obtained from the works
of Kivel and Bailey {reference 2). Shock detachment distances were obtained by
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correlating JPL Schlieren test data with Kaattari's (reference 3) theoretical
predictions. The radiative-heating estimates are a conservative evaluation of
the actual radiation heat flux caused by 1) the semi-infinite slab assumption
which overestimates the volume and temperature level of radiant gases, and
2) neglecting of self-absorption of the radiant energy by the gas.
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III. CONVECTIVE HEATING

The convective heating presented in this report is cold-wall convective heating
for a wall temperature of 5000°R, The cold-wall convective heat transfer rate
by definition is

. Ihw
dew = Hr Hw

Hs H

Because of the nature of the theories used in the analysis, the wall temperature
must be specified, since the boundary conditions are evaluated at the wall as
well as at the edge of the boundary layer.

The stagnation-point heating was calculated for all six re-entry trajectories
{figures 2 and 3). For design information, the heating distributions around the
vehicle have been determined for trajectory 1 which results in the highest inte-
grated heat load to the vehicle and trajectory 4 which results in the highest heat
flux.

The aerodynamic heating analysis has been restricted to real gases in equilibrium.
The flow over the body has been taken as basically laminar for all body points,
except trajectory 4 where the flow becomes turbulent on the spherical face at
approximately the time of maximum heat flux., For all other points the largest
integrated heat load occurs in laminar flow; transition occurs late in the trajec-
tories when heating rates are too low to be of importance.

The surface-pressure distributions used in the heating analysis have been obtained
from JPL and Langley wind tunnel test data (figures 4 and 5). The averaged
surface-pressure distributions from the test data are presented in nondimen-
sional form. The local surface-pressure ratioed to the stagnation pressure is
essentially independent of Mach number and gas composition, This is confirmed
by pressure data for a similar body tested at JPL (M = 9, 5) and in the Cornell

[ Fal Pl JARY
(U} Ilgure o).

—

1 EYR 1T s .1 Q
SnockK tunnel (M = 1o,

The cold-wall equilibrium convective heating was calculated for the following re-
entry trajectories at the body points indicated:

NAA Body Points NAA Trajectories
1 (Stagnation Point) 1, 2, 3, 4, 5and 6
2 threugh 15 1l and 4

-5-
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Figure 1 illustrates the location of the body points and figures 7 through 12
show the re-entry trajectories,

METHOD OF HEATING ANALYSIS

1. Point 1 (Stagnation Point)

The stagnation-point heating was calculated for a three-dimensional non-
axisymmetric stagnation point. This nonaxisymmetric heating was computed
by appropriately modifying the axisymmetric heating of Fay and Riddell
(reference 4) through the following relation of Reshotko (reference 5)

. ) 1+C\}2
qsnonaxis = s, 2
ym axisym

where

c dwe/dz Ro
= = 0<C«xk1 .
due/dx Rz -~ -

It should be noted that Reshotko's result is believed to be in error; that is,
the radius ratio exponent should be '"1" and not "'1/2." The axisymmetric
heating is

. 1 \1/2
a —
qsaxisym Ry .

For this analysis, the following values of Ry and R, were used:

R 7.7 inches

X

I

R 77 inches

z

2. Spherical Face, Zero Meridian (Points 2, 3, 4 and 5)

Heating along the zero meridian of the spherical face, was analyzed in
accordance with the following theories:

a. Laminar Flow - Similarity Theory (Reference 6)
The flow along this line should nearly be axisymmetric. Hence, the

geometric factor, K, used in the laminar similarity theory, was taken
equal to one.

-11-
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b. Turbulent Flow - Turbulent Flat Plate Reference Enthalpy (Refer-

ence 7)

An average pressure distribution (figure 4), based on the JPL and Lang-

ley wind tunnel tests, was used in connection with the normal shock

entropy to obtain the external flow at these points. The nondimensional

pressure distribution (P/Pg) was taken to be constant throughout the

trajectories. The local Reynolds number value, R, = 3x105 was used

as the criterion for turbulent flow., This method of obtaining the external

flow and the Reynolds number criterion for turbulent flow was used
throughout all heating analysis,

3. Windward Shoulder, Zero Meridian

The flow along the zero meridian of the windward shoulder approaches the

two-dimensional flow of a cylinder. Hence, the geometric factor, K, used
in the laminar similarity theory, approaches zero. The value used for the

K in this analysis was obtained as follows:

: : 14+C)\1/2
q . =945 .
nonaxisym axisym 2

s
K=1

where

— 1/2
1
. 2
Yaxisym @ (2) (?)
K=1 \

Postulate a

K
Then
9q ZK/Z ;
- 22 2
S L12
Saxisym 2

-18-




CONFDET TR s\

Hesearch & Advanced Jevelopment |

Set

9 = 9q :
E Snonaxxsym

K-1

. 2 . 1+C 172
qsaxis m 2 - qsaxis m 2
K =y1 K =Y

K = 0.134

Since the flow around the shoulder is close to the stagnation point, turbulent
flow does not occur. Hence, only a laminar heating analysis is required,

4. Windward Conical Afterbody, Zero Meridian (Points 6, 7, 8, 9, 10
and 11)

The following theories were used to analyze the heating along the zero-
meridian of the windward conical afterbody:

a. Laminar Flow - Laminar Flat Plate Reference Enthalpy (Refer-
ence 7)

b. Turbulent Flow - Turbulent Flat Plat Reference Enthalpy (Refer-
ency 7)

The external flow was obtained from the nondimensional pressure distribu-
tion and the Reynolds number criterion for turbulent flow was R,, = 2x10~.,

g
)

, 13, 14 and 15)

[\

Q0.Dcerce Meridian (Points 1

wn
O
G
5
jor
¢]
o
o
ez
by
ot
o
[
o
0
[ol
<

Heating along the 90-degree meridian of the conical afterbody was calcu-
lated by the following theories:

a. Laminar Flow - Laminar Flat Plate Reference Enthalpy (Refer-
ence 7)

b, Turbulent Flow - Turbulent Flat Plate Reference Enthalpy (Refer-
ence 7)

-19-
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The reference enthalpy method was employed for the Apollo shape at 0~
degree angle of attack. The average pressure distribution at 33 degrees
was determined from JPL-averaged test data (figure 5). This approach
gives the correct external flow at these points. Only the surface distance
from the stagnation point to the points along the 90-degree meridian would
be in error. However, there should be little difference between the surface
distance from the stagnation point to points along the 90-degree meridian

at a O-degree angle of attack and at a 33-degree angle of attack.

The cold-wall equilibrium convective heating is presented in the figures as
listed in Table It '

TABLE I

LIST OF CONVECTIVE HEATING FIGURES

Figure a Body Points Trajectories
2 33 1 (Stag Pt) 1, 2, 3, and 4
3 33 1 (Stag Pt) 5 and 6
13 33 2, 3, 4and 5 1
14 33 2, 3, 4and 5 4
15 33 6, 7, 8, 9, 10and 11 1
16 38 6, 7, 8 9, 10 and 11 1
17 33 6, 7, 8 9, 10and 11 4
18 38 6, 7, 8, 9, 10 and 11 4
19 33 12, 13, 14 and 15 1
20 33 12, 13, 14 and 15 4

Figures 21 through 26 show typical local Reynolds number variations for
various trajectories.

-20-
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Figure 18§ COLD-WALL CONVECTIVE HEATING (PTS, 6-11, a = 38°, TRAJ. 4)
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IVv. RADIATIVE HEATING

Convective heat transfer is partially blocked by the ablation material entering
the boundary layer. However the mass transfer will not block the radiant heat-
ing. Since mass transfer is dependent upon the total heat input to the body, a
combined analysis coupling the radiative and convective heating is required.
Actually the reaction of the material to radiative heating is a function of the
spectral distribution of the radiant heat transfer. In this analysis the integrated
value over all frequencies is used 1) to determine the time interval in the tra-
jectory during which radiation heating is important, and 2) to determine the
shape of the radiant heat pulse.

The radiative heating is a direct function of the shock stand-off distance and
shock shape. The semi-infinite slab assumption is utilized over the entire

S Vo -
tive heat tra

(ir = eff°T4A

The integrated values of the effective radiative emissivity are based on the
works of Kivel and Bailey (reference 2). Shock detachment distance at the
stagnation point is determined by correlating JPL schlieren test data (figures

27 and 28) with the theoretical calculations of Kaattari (reference 3). The shock
stand-off distance to local body points away from the stagnation point is assumed
to be linear with the normal shock-density ratio. The correlation between test
and theory for shock shape is presented in figures 29 and 30. The shock shape
for the present analysis is assumed toc be independent of density ratio, and the
test data shock shape is used in this analysis.

Working charts are available for estimating the emissivity of the air. However,
these charts are time-consuming and cumbersome to use. To facilitate the
calculations, an empirical equation has been fit to the Kivel and Bailey tables

of radiative emissivity of air (reference 2):

4
¢/cm = S5.85 x 10—5 (P/Po)l'ls e4.35(T/10 )

The fit is good to approximately 25 percent over the range of density ratios

(p /po) of 10-4 t0 10-1 and temperatures of 5,000° to 12, 000°K. The empirical
curve fit to the Kivel and Bailey tables has been combined with linearized re-
sults of the shock detachment distance as a function of stagnation-density ratio
resulting in the following approximation

-35-
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SPL TEST LATA

Mp = 6.09
Re/yn 2 200, 000
or = 33°

Fr= 888 cm Hg
7= 5/5°F

| Figure 27 SCHLIEREN PHOTOGRAPH TRACE NO, 1
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Mo =74/
A= 93 /28

of = #7°
Fr=1373 cm Hg
7r = /107 °F

Figure 28 SCHLIEREN PHOTOGRAPH TRACE NO, 2
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1.15 4

: Po/ PO [Pfield Tfield 4

4, ~ 131K’ € _feld ) 43501104
rs/Po Po 104

A Poo

where X’ = d <r> d<_> as determined from figure 29. The terms Pfielq 2and
B Ps

Tfield refer to the temperature and density at any point in the field (constant in

a given slab).

The radiative heat flux is presented in figures 31 and 32 at the stagnation point
for trajectories 1 and 4 respectively. The accuracy of the empirical fit for

the range of densities and temperatures associated with these trajectories is
approximately + 10 percent. Presently under analysis are the works of Thomas
(reference 8) who has recomputed the emissivities of air based on the absorp-
tion coefficients of Meyerott (reference 9) (See figures 31 and 32). These re-
sults differ from Kivel and Bailey's by a factor of 2. Until test data on radia-
tive heating become available, we will continue to use Kivel and Bailey since
their results are conservative,

The radiative heating-time histories for Points 1, 2, 3, 4, and 5 on the spher-
ical face are presented in figures 33 and 34. The slab has been assumed to be
tangent to the body point in question. Since the properties vary normal to the
body, the arithmetic mean radiation between the body surface and shock wave
has been assumed. In essence the field has been divided into two slabs with
slab 1 possessing the properties behind the shock wave and slab 2 possessing
the properties of the body surface.

The radiative heating distribution in nondimensional form along the zero merid-
ian on the spherical face is presented in figure 35. Contrary to thought, the
radiative heating increases on the leeward side of the stagnation point. This
initial increase is caused by the combined effect of the small decreases in local
flow-field propertics and a large increase in shock-detachment distance.

relatively low densities and temperatures and are not analyzed.
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V. COMPARISON OF THEORY AND TEST

Experimental heating distributions around the Apollo command module have
been obtained in the Avco 1.5-inch shock tube. The shock tube consists of a

1. 5-inch diameter, 3-foot length, high-pressure driver connected to a 1. 5-inch
diameter, 16-foot length driven section. The high-pressure driver uses a
combustion mixture of oxygen, hydrogen and helium to create strong shock
waves, The stagnation reservoir condition range is 30 to 300 atmospheres of
pressure and enthalpies (H/RT_) of 50 to 900.

The present shock-tube tests are designed for laminar convective heating.
Radiative heating does not exist because of the relatively low temperature as-
sociated with the nominal reservoir conditions.

The nominal test conditions are:

Mook = 7.7 H/RT, = 92

P, = 5 cm Hg T, = 4150°K

T, = 300°K P, = 2400 cm Hg - 30.3 atm.
R,.. = 1.6 x 105/cm

The simulated flight conditions are approximately:

Al

55,000 ft

Vel

12,000 ft/sec

The instrumentation used exclusively is the thin-film resistance thermometer
gage with resulting data accuracy of + 15 percent. Both the standard (0.40-inch
wide) and new (0. 005-inch wide) gages were employed in the tests. The small
gages permitted extensive surveys around the transition shoulder and in the
vicinity of the stagnation point.

The '"'‘raw'' test data was corrected to cold-wall conditions to permit proper
correlation with the cold-wall theoretical results. The resulting data correc-
tion when presenting the cold wall convective heating ratio of the cold wall heat-
ing to the cold wall stagnation point heating at an angle of attack of zero degrees
is

q q 1- Hw/Hs
:ls = c’15 Er_. - _Hl
a=0 cw a=0 test Hs Hs
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The H, /Hy ratio was determined with the use of perfect gas relationships. For
the nominal test conditions this ratio is 0, 054,

The experimental and theoretical results are compared in this nondimensional
form. The zero-degree stagnation-point heating rate associated with the test
data is experimentally determined, and the value associated with the theoretical
results is predicted by Fay and Riddell (reference 4) with the experimentally
determined correction of Boison (reference 10) applied to the spherical radius.
The effective radius for the spherical segment is 134 inches.

Comparisons between the experimental and theoretical heating distributions
are presented in figures 36 to 39. The longitudinal heat-transfer distribution

for the zero meridian is presented in figure 36 for two Mach numbers 31 and
2.09.

The longitudinal heat transfer distribution for the transition shoulder is pre-
sented in more detail in figure 37.

Circumierential heat-transfer distributions on the conical afterbody are pre-
sented (figures 38 and 39) for two axial locations (S/R = 1.4 and 2. 0).

Heat transfer rates presented in nondimensional form are essentially independ-
ent of Mach number and gas composition, similar to the nondimensional pres-
sure distribution,

In general comparisons between theory and test are in excellent agreement

(+ 10 percent). A discrepancy does exist between the theoretical and experi-
mental stagnation-point heating rates. The reason for this discrepancy is that
the assumed location of the theoretical stagnation point and experimental value
do not coincide. The stagnation point has been determined experimentally at
low Mach number only. A theoretical prediction of the stagnation point location
for various Mach numbers is not available at this time.

Recent JPL pressure data (figure 4) for the Mach number range of 6 to 9 shows
that the stagnation point is not located at the forward tangent point (body point
1}, but that it is located on the spherical face. Avco shock-tube heating data
(figure 36) for a relatively low Mach number (M_ = 2.0) also show the stagnation
point location to be on the spherical face.

The present theoretical method of predicting the stagnation heating is a function
of the stagnation point location. Therefore, the location of the stagnation point
on the spherical face would result in a lower heating rate as shown by the ex-
perimental data (figure 36). Since the effect of Mach number is unknown at
this time, the theoretical heating rates shown in figures 2 and 3 should be used
in preliminary design, although they appear toc be conservative.
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_COMEPEeTTAT

Studies are being conducted to develop a new approach for the convective heat-
ing of three-dimensional, nonaxisymmetric stagnation points. It is to be noted
that the change in stagnation point heating should not affect any of the other
theoretical heating distributions.
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VI. CONCLUSIONS

Comparisons made to date between theory and test indicate that the present
theoretical methods are a valid approach for preliminary vehicle-design analy-
sis. Other areas of future work will include studies of the convective heating
on the leeward meridian, and the nonequilibrium effects on convective and
radiation heating.
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